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The present invention relates t-* n,™ , . 
with 8 t a v, lo ^ ' . • . magnetic elements 

e^en s « e ^rrn 11 ^ ^ 

e usetul m array Macrnetic p an ^« m •*' 

Tne use of magnetic structures V« 
storage has intensive* curing ^ Is ye ^ ^ 
application is found in the read head in hard 1LT • 
which are based on Anisotropic Magneto X^J^^L 
f alms and on more complex systems utilise 1 
Resistive (GMR) or TiWi T UtlllSlng Glant Magneto 
„,„-.<-•-. ' ° r T^el Magneto Resistive (tmr) 

multilayers. Mother newer application is the use of small 
magnetic elements to store i-ho . use of small 

Memories The ™ • , . the data in Random Access 

memories. The mam qualities needed for these ,• . • 

apart from a high magneto resistance , 
reproducible magnetic states having a predictable ~ 
to an applied magnetic field l„ " ^ response 
increase in speed" in mi^ eiectLni" Tbe • ^ 

switching speed between different ZZ' . re 1""ed 
approaching the GHz range is 

«- ^^^ir^ t*i^■^■- 
r«ctan^l« or sTel £TV ' 6 ' ^ S ^—' 

strnctn" s °s :::: r £e ::r a def r. probiera with these 

different and complex states ^ """^ °* 

lear?« , wicn similar energy. This 

leads to complex switching behaviour Th« u 
30 states <„ ..u ="«viour. The multitude of 

states in these structures makes them very sensitive t„ 
■imperfections, both macroscopic defect^ Tl I 
variation, and atomic scale defects resulting J T 
pattering. IC has been "shown by Z et al . , , 
' Applied Physics, page S66 8- S6 73, Volume 87 ^ " """""^ ° f 
3S a slight variation in the shape of i " r %' 

will result in X00* change in the coerc" ^if " 
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To obtain a better defined state. Zhu et al. proposed 
co use a connected element in the shape of a ring, ^for 
which the vortex state is very stable. Information can be, 
stored as the two opposite vortex states. The 
s hese elements is, however, complicated and the magnetic 
elements pass throngh a complex intermediate state with a 
ra^al magnetisation. This complexity sets a limit on the 
size of usable structures and the switching speed. 

There is therefore a need for non-volatile memory 
arrays and magnetic read/write heads for devices which have 
greater speed, reliability and cost effectiveness. 

A magnetic element according to the present invention 
comprises a closed loop of ferromagnetic material having an 
even number of magnetic domains of opposite sense the 
15 magnetisation within the domains being in a circumferential 
Taction, the domains having leading and trailing walls 
extending from the inside to the outside of the loop 
wherein the magnetic element has a geometry such that 
there are at least two stable equilibrium domain 
20 configurations in which the domain walls are confined in 
Redetermined portions of the loop and wherein the element 
is switchable between the stable configurations upon the 
application of a external magnetic field. ' - 

The present invention offers well controlled switching 
without complex intermediate states. It also allows 
nanometre scale devices and no interaction between loops in 
"lose proximity, allowing a high density of individual 
elements and very high speed switching. , m , a „ 
Preferably the loop is substantially circular. 
Preferably there are notches in the loop of ferromagnetic 
material, the domain walls being confined in a stable 
equilibrium at positions corresponding to the notches. 
Preferably the loop has two or four notches . 

According to another aspect of the present invention 
two magnetic elements of the above type are placed one 
above the other, separated by a spacer to form a Giant 
Magneto Resistive (GMR) and Tunnel Magneto Resistance <TMR> 
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device. „ ith such . devlce , by alt£ 

can b t , °* "* ~* tl ™ t0 the data 

can be stored and read by a measurement of reaistance 

5 the D ACC ° rdin9 t0 » fUrth « "P«* of the present invention 
5 the position of the wall could be sensed by measuring the 
domain wall induced magneto resistance (DMR) 

a read C head ^ ^ ' invention 
a read head or sensor comprises a first layer forming a 

magnetic element as described above, and a seconder 

» forming by a magnetic element having a stable domain 

til?* ! nUS \ the reSiSt — °< ^e device can be measured 
to ascertarn the alignment of domains of the first layer 

sensoT ^ d0maln ° f ^yer. as a fiej 

According to yet another aspect of the present 

CriW I " rite hSad ^ -^etic elemlt as 

described above, wherein a portion of the magnetic element 
containing a domain wall is arranged to pass, in use. near 
a magnetic storage medium such that the stray field 
generated at the domain walls aligns magnetic domains " 
the magnetic storage medium. 

According to a further aspect of the present 
invention, the special state can be used to prepare the 
loop in a selected vortex state. Pare the 

Examples of the present invention will now be 
described, with reference to the accompanying drawings, in 

■orese^ 9 "" 1 ^ a ferromagnetic loop according to the 
present invention with a preferred geometry 

for Fi9 ! rS 2 Sh ° WS eXam P les ° £ ° ch ar suitable geometries 
Lvent a ionr r0ma9netlC t0 ^ 

to th Fl9Ure 3 ates how ferromagnetic loops according 

to the present invention can be arranged for data storage 

Figure 4 shows a write head incorporating a 
ferromagnetic loop according to the present indention! 
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Figure 5 shows a read head incorporating a 
ferromagnetic loop according to the present invention; 

Figure 6 shows a data storage arrangement using four- 
notched ferromagnetic loops according to the present 

5 invention; and ■.*»«-„«-•«■' 
Figure 7 illustrates switching from an "onxon state 

to a Vortex state. 

Figure 1 shows a ferromagnetic loop 1 accordxng to a 
first example of the present invention. The loop 1 xs 
substantially circular and has two diametrically opposed 
notches 2 cut into the inside face of the loop. The 
diameter of the loop can be the order of a few nanometres. 
The direction of the magnetic field lines are shown as 
arrows. The loop as shown comprises two equally sxzed 
magnetic domains separated by two domain walls. The domaxn 
walls are located in the narrow portions of the loop by the 
notches. This domain configuration, hereinafter referred to 
as an "Onion State", is stable as it is energetically 
favourable for the loop as a whole. The two domxnant 
energy considerations which determine the stable domaxn 
configurations of the loop are the energy associated wxth 
the formation of a magnetic domain wall and the energy 
contained in external magnetic fields generated by the 
loop For a stable configuration the size and number of 
domain walls is minimised and the external field xs 
minimised. In the loop shown in Figure X the sxze of the 
domain walls are minimised as they are located xn the 
narrowest portions of the loop. The external field xs 
minimised as the field lines are aligned with the edge of 
the loop, the only stray external magnetic field xs 
generated at the domain walls. The loop does not enter the 
very lowest energy state, a vortex state as shown in Fxgure 
7, as energy would be required to form any intermediate 
state . 

As can be easily appreciated, the loop shown in Fxgure 
1 would be equally stable if the domains were aligned 180 
from the orientation shown, to form another "Onion State" . 
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The loop can be switched between the two Onion States bv 

walls. The applxed magnetic flux causes the domain walls to 
propagate around the loop in both directions until another 

C ; nfl9UratiOT iS reSChed - In thi ° ~y **• aliment 
of the domains is reversed and the other Onion statT 

fa c s h rr d :r r of doraain wan 

states Th S " itChing " lth "° intermediate 

io ^tienrto i^ietrr::: si^.- - 

walls^toovershoot one another and continue to propagate 
around the loop . If the applied magnetic flux is too L^ng 
the loop wrll eventually reach a stable Onion state b!i T 

° f SWltChin3 " U1 be " duo " - th * walS will 

have travelled further. Purthermore the loop may returl to 
the same Onion state as it started in and T thus t H 
reliability of the switching is reduced. * 
Figure 2 shows other possible geometries for a 
20 . ferromagnetic loop according to the present invention 

g vTrTse To S f ClrOUlar 3 " ith ^ 2 ™* 

grves rxse to four possible -Onion States". Again the 

positron of the domain walls is stable when located at 

version 1 T . SWitChin 3 «*-» the two notch 

version.. fin advantage of the present invention is th af 
switching speed will increase with a reduction Tn si.e as 
the switching time is proportional to the distance that 'the 
domain wall has to travel. the 

' 0 this ^ Sh ° WS 3 B9Uare 3 eomeC ^ *>r the loop 4. in 

this embodiment the domain walls are stable at the corners 

vails at" tin? • • T W re9Uired C ° f °™ ths '*-*» 

at the corners is less than t-V>=t- 
' i * , n c «at in the arms of the 

loop for the following reason. To minim-i* -u 
c r 'i j , 3 i0 minimise the external 

5 field the magnetic field within the l^n t 1 
i-Ha o-i^j ^ , ioo P all 9ns itself with 

the sides of the loop. Therefore at th«=> ™« * 

- domain wall need only incorporate*! Z^ITJZ 
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magnetic field whereas in the arms the domain walls would 
have to incorporate a 180° rotation. A 90° rotatxon 
requires less energy than a 180° rotation so the most- 
stable configuration has domain walls located at the 
5 comers of the loop. The domain configuration can be 
switched by the application of a pulse of magnetic flux to 
the corners of the loop causing domain wall propagation 

around the loop. . 

Ferromagnetic loops according to the present invention 
can be made from NiFe using conventional photolithography. 

The magnetic loops of the present invention are useful 
for a number of applications. Figure 3 shows how magnetic 
loops can be arranged for the purpose of data storage. The 
arrangement is that of a classic OMR or TMR device. Two 
circular loops, having two notches, in the Onion State as 
shown in Figure 1, are stacked one on top of the other. The 
domains of one loop can be either parallel 6b. or anti 
parallel 6a to the domains of the other loop. By fixing the 
Onion State of one loop and switching the Onion State of 
the other the relative domain alignment of the loops can be 
controlled. One bit of data can be stored in this way with 
a 1 corresponding to a parallel arrangement and a 0 
corresponding to an anti parallel arrangement, or vice 
versa. The bit of data can be read by measuring the 
resistance across the two loops as the resistance of the 
parallel configuration is less than the resistance of the 
anti parallel configuration. The circular nature of the 
loops means that they produce very little stray magnetic 
field. This means that a large number of these devices can 
be placed in close proximity to each other without 
interfering with their function. 

However a ferromagnetic loop in the Onion State will 
generate a small stray magnetic field at the domain walls 
and this can be utilised in a magnetic write head.. Figure 
4 shows a magnetic write head 7 utilising a ferromagnetic 
loop according to the present invention. The stray magnetic 
field will be perpendicular to the loop but the direction 
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the onion stete is switched . ft ^ ££U etched when 

5 switching between opposin g Onion States o f the T ^ 
Stray £ ield can „ write „ p te " ° f the 1°°P the 

the data storage „ p ^ ^ ° n 

this nature only one fe™^£^£°£~ "T^* °* 
of the Onion state lor rh • P needed - The use : 

0 speed and the fact that T^T^ T °* 
data storage medium, i e the^thS ™ ma£metic 
width of the domain « ° f 

influenced at any one time If*" 115 ' 10nm * . H*-. is 
State can be effected bv 7 7 swiCchin 9 .«* the onion 

1 by a bigger electro impedan « -tched strip lln e 3 or 

uigger electromagnet such as thosn „=.j * 
heads at present . se used f » write 

f arrol^i! l^^TS " ~ ^ ^ * 
OMH or TMR layer s^TAZl^^l ' * 
3 is shown with only one loop u visible A^etT^ 
» an onion state and a second loop is in a flxed ^ " 

fTrs^::r:°; ^r^^T state *— - " - 

magnetic fields Inth e P ° Slti °« sensitive to applied 

storage mediu T i 2 ^ZTT^ 3 — 

snd the stray fl el d ^ ^ ^ " 

14 to propagate in e ^w • . CaUSes the domain wall 

^ p sace m either direction backwards ann ^ 
P air of electrical contacts 13 ^ forwards . 

read head to continuous connected across the 

con tmuously measure the resisfan^ 
two layers to aire * v „ resistance across the 

give a read out of the chanrro * 
state in the read head and hence in t^T -*-tio 
storage medium, similar to the write head d 
a read head usino . <= described above, 

"sing a ferromagnetic loop according to the 



PCT/GB01/03557 
WO 02/13208 

8 

present invention acts on a very small area and so can read 
very high density data storage -*»• four -notched , 

Figure 6 shows part of an array or 
circular loops 16 used for data storage. The four-notched 
S loops 16 can he in any one of four Onion States. spending , 
uptn tne Onion state that the loop is in particular notched 
portions 15 of the loop either will or. will ^ 
domain wall. The presenc e o^ « ^ ^ 

= =r.»rtained by a measurement of the Magneto *es 
ascertained oy Q ion state that the loop is 

10. (MR) - Therefore the part lcula *.° n can be determined 

in, which corresponds to one bit of data, can 
from resistance measurements. DMR arises owing to an effect 
aS to OMR. The DMR will be greater the smaller the region 
over which the rotation of the magnetic field witnin^the 
IS Top occurs, in Figure 6 the write lines are 

to the notches. The state of a particular loop in the 
array can be switched by applying a current in two 

30 ferromagnetic loops according to ^J^^ZZ 

stab" state for a ferromagnetic loop. However switching 
between the two vortex states has in the past reguired 
35 complex intermediate states. Ferromagnetic loops in the 
onion state, (a) or (c) . can be switched into a vortex 
state, (b) and (d) respectively, by the application of a 
: strong uniaxial magnetic field C-600 Oe, antiparallel to 
the onion state. At stronger fields the loop will switch 
30 into the opposite onion state. Switching into the vortex 
state occuL when an asymmetry is present in the loop and 
■ Te wall is more pinned than the other. The switching 
occurs by movement of the free wall until it meets the 
other Pinned wall and a vortex state is formed. For a given 
35 as^etry it is always the same wall that moves in the same 
direction. Therefore, as illustrated in Figure 7, the 
different onion states will always switch into the same 
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different vortex states in a controlled way. To switch from 

one v t tate to the other the y tiTB :*:* i™ 

the desrred onion state by the application of a strona 
5 Z H ^ «en reduced and reversed tl 

=r prior Batching nechanisns betwe e n vnrt„ 
atatea as it will only need two write li„„= I eX 

Figure s. and i s therefore be " as ier ^ " I ™ 

further e^e^ roZL ^S^^- 

speed. By introducing two artificial notches at the outer 
surface of the rings in order to control accurately the 
IB. deprnnrng fields of the domain wails, well de f teed Z t 

and switching hy domain wall motlon ' can he 3^ "%" 
rrng diameters down 180 nm. In order to speed" T 

0 the ring and P^^^,^ *~ ^ 

welfare depinned effectively and ma^ti^n reverb 
can be achieved in a few ns Tr, , saI 

*• u' . In the second approach t-v,^ 

W ^d P d ied — d — to the p la ne oTt^T " 

wltTt^ m " WallS m ° Ve tne ring 

With this approach, switching times can k» t , ng \ 

220 ps. can be lowered down to 
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CLAIMS 

X A magnetic element comprises a closed loop of - 
ferromagnetic material having an even number of 
5 domains of opposite sense, the magnetisation wlthrn the 
domains being in a circumferential direction, tb. = domains 
having leading and trailing walls extending from the inside 
to the outside of the loop, wherein the magnetic element 
has a geometry such that there are at least^two stable 
equilibrium domain configurations in which the domain walls 
are confined in predetermined portions of the loop and 
wherein the element is switchable between the stable 
configurations upon tha application of a external magnetic 
field. 
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element of claim 1, wherein the loop is 



2 . The 
substantially circular . 



3 The element of claim 1 or claim 2, wherein there are 
notches in the loop of ferromagnetic material, the domaxn 
walls being confined in a stable equilibrium at positions 
corresponding to the notches. 

4. The element of claim 3, wherein the loop has two or 
25 four notches. 

5 a Giant Magnetic Resistive (GMR) and Tunnel Magnetic 
Resistance (TMR) device comprising two magnetic elements 
according to any of the preceding claims placed one above 
the other and separated by a spacer. 

first laver forming a magnetic 
6. A sensor comprising a nrst xaycj. 

element according to any of claims 1 to 4. and a second 
layer forming by a magnetic element having a stable domain 
wherein in use the resistance of the device can be measured 
to ascertain the alignment of domains of the first layer 
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r e to the domain of 

sensor. 
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relive to the domain of the second layer , as . fleld 



to m t T , S °°^ising a ^etio element according 

to any of claims Uo «, wherein a portion of the magnetic 
element containing a domain wall ls arranged J "^"^ 
use near a magnetic storage medium such that the stray 
field generated at the domain walls aligns magnetic domaW 
in the magnetic storage medium. " S 
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